[1] Radiogenic isotope compositions (Sr, Nd, Pb, Hf, and Os) of sediment-hosted seafloor ferromanganese crusts and sediments incrusted with ferromanganese oxyhydroxides from the Lesser Antilles island arc were measured to distinguish between hydrogenous (seawater-derived) and hydrothermal metal sources. The ages of the precipitates range between recent (last few thousand years) and a few 100 kyr as deduced from 10 Be and Co concentrations. Evidence from the presence of bladed todorokite and nontronite, together with the major element and REE composition, suggests that a significant proportion of these sediment-hosted precipitates formed at relatively low temperatures from a mixture of seawater and hydrothermal fluids associated with island arc volcanism. The radiogenic isotope compositions of all metals mentioned above, except Pb, show large differences in hydrothermal versus hydrogenous Nd of up to 0.512817 (eNd = +3.5). This is close to the signature of the nearby island arc rocks and far above the expected local seawater ratio of $0.51209 (eNd = À10.7). These crusts also show high 176 Os (up to 0.16) compared with local seawater, as expected from hydrothermal, island-arc-derived metal contributions. In contrast, the Pb isotope signatures of the crusts cannot be explained by mixing between seawater and hydrothermal sources. It is suggested that Pb was either removed from the ascending fluids within the sediment column before they reached seawater or the temperatures were too low to leach significant amounts of Pb from the rocks or sediments. External sources such as Saharan dust, particulate inputs from the Orinoco River, or even incongruent release of Pb isotopes from the island arc rock-derived particles must have contributed to the observed Pb isotope variability. Our results suggest that submarine hydrothermalism originating from intraoceanic island arc volcanism creates distinct geochemical environments for the dispersion of hydrothermal fluids and may be an important mechanism to supply metals of hydrothermal origin to seawater.
[1] Radiogenic isotope compositions (Sr, Nd, Pb, Hf, and Os) of sediment-hosted seafloor ferromanganese crusts and sediments incrusted with ferromanganese oxyhydroxides from the Lesser Antilles island arc were measured to distinguish between hydrogenous (seawater-derived) and hydrothermal metal sources. The ages of the precipitates range between recent (last few thousand years) and a few 100 kyr as deduced from 10 Be and Co concentrations. Evidence from the presence of bladed todorokite and nontronite, together with the major element and REE composition, suggests that a significant proportion of these sediment-hosted precipitates formed at relatively low temperatures from a mixture of seawater and hydrothermal fluids associated with island arc volcanism. The radiogenic isotope compositions of all metals mentioned above, except Pb, show large differences in hydrothermal versus hydrogenous
Introduction and Regional Setting
[2] Hydrothermal activity at mid ocean ridge (MOR) vent sites has been the focus of many geochemical and isotopic investigations since their initial discovery in 1977 (see summaries by von Damm [1995] and Lowell et al. [1995] ). It has been shown that these high-temperature hydrothermal inputs play a significant role for the oceanic budgets of many dissolved metals in seawater (e.g., Sr, Os, Mn, etc.) . Recently, it has been proposed that vent fields along intraoceanic arcs represent a potentially huge and previously unheeded source of fluids and metals to the ocean, which are different in composition from those originating at mid ocean ridges [Gamo et al., 1997; de Ronde et al., 2001 de Ronde et al., , 2003 Baker et al., 2005] .
[3] The focus of this study is metal supply by submarine hydrothermal activity related to volcanism along the Lesser Antilles island arc stretching from northeastern Venezuela in the south to the Anegada Passage in the north. This passage is the tectonic boundary to the Greater Antilles (Puerto Rico-Virgin Islands platform). The Lesser Antilles arc is divided into a southern and a northern section, the latter represented by a double arc [Fink, 1972] . These two branches of the northern arc diverge north of Martinique (Figure 1 ). The northwestern branch (inner arc) consists of young volcanic islands including active volcanoes such as Soufrìere Hills on Montserrat, and was probably initiated during the late Miocene. By contrast, the eastern branch represents much older tectonic activity [e.g., Maury et al., 1990] . Submarine volcanic activity along the Lesser Antilles arc is well known and widespread [e.g., Westercamp, 1988; Polyak et al., 1992; Devine and Sigurdsson, 1995] although little information is available on recent hydrothermal activity on the seafloor and hydrothermal mineral formation. Shallow hot springs were found offshore some islands including Dominica and Montserrat [Johnson and Cronan, 2001] but very little is known about occurrences in deeper waters [e.g., Polyak et al., 1992] . To investigate hydrothermal activity, a research cruise with the R/V Sonne (SO-154) was carried out in January/February 2001, covering four different working areas between Montserrat and Grenada ( Figure 1 ) . Although no active hydrothermal vents were sampled, evidence for hydrothermal activity was detected in the water column and metal precipitates (ferromanganese crusts) of presumed hydrothermal origin as well as slightly hydrothermally altered rocks were collected. In the areas offshore the islands of Montserrat, Dominica and St. Lucia slightly increased CH 4 concentrations and reduced Cr(III) species were found [Sander et al., 2003] . The strongest hydrothermal signals were measured close to the Kick'em Jenny submarine volcano northwest of Grenada, including high CH 4 and trace metal concentrations , although no hydrothermal precipitates were recovered at that location.
[4] In this study we focus on the use of radiogenic isotopes (Nd, Sr, Hf, Os, and Pb) as a tool to distinguish between seawater and hydrothermal origin of metals in ferromanganese crusts and sediments incrusted with ferromanganese oxyhydroxides. Radiogenic isotopes have been used successfully for this purpose [van de Flierdt et al., 2004b] and other oceanographic and paleoceanographic applications in the past (see Frank [2002] for a recent review). The potential of radiogenic isotopes arises from the fact that weathering processes of different continental lithologies introduce distinct dissolved radiogenic isotope signatures to water masses, which are then advected and mixed as a function of the respective oceanic residence times of these metals. In contrast to these continental isotope signals in seawater, high-temperature hydrothermal fluids originating at MORs are characterized by a distinct radiogenic isotope signature reflecting the composition of the mantle. For some metals, such as Sr [Palmer and Edmond, 1989] and Os [e.g., Peucker-Ehrenbrink and Ravizza, 2000], these fluids contribute significantly to their seawater budget, whereas they are not relevant for the budgets of others, such as REEs including Nd, that get immobilized very near the vent sites [German et al., 1990; Halliday et al., 1992] . Nothing is known as yet about the importance of hydrothermal fluids in intraoceanic back-arc systems for these metals, which is the subject of this study.
Material and Methods
[5] Lead, Nd, Hf, Os and Sr isotope compositions of different parts of 2 ferromanganese crusts together with 3 sediment samples incrusted with Mn and Fe oxide phases from different locations in the Lesser Antilles island arc were analyzed in this study. The samples were recovered during the Cruise SO-154 with R/V Sonne in January/February 2001 as part of the CARIBFLUX project. Sample locations are given in Figure 1 and Table 1 . Massive crust 52CD-X was recovered by dredge on a large seamount, part of Montserrat Ridge near the island of Montserrat. Different macroscopically identifiable units are apparent in this crust, which were subsampled (Figure 2 ). The crust consists mostly of layers of ferromanganese oxyhydroxides (up to 2 mm thick) alternating with carbonate layers and patches of detrital material in a manganese-rich matrix in its outer parts. Redeposition of the carbonate and sandstone particles is apparent. Yellowish/green nontronite inclusions (up to 3 mm diameter) are common. The crust is overgrown by a thin, dark, massive, and essentially detritus-free ferromanganese crust of 1 -2 mm thickness. A second massive crust (52CD-a) from the same location shows a mostly chaotic and much less pronounced layered structure of the same components as seen in crust 52CD-X. Two sandy to clayey hemipelagic sediment samples, which have been recovered nearby (51MC) and within the same dredge as the 52CD crusts are dominated by biogenic carbonates and contain abundant island-arc-derived rock fragments. No substrate rocks were recovered with either crust but there is clear evidence from the partly cemented sediments that were recovered by the same dredge that the crusts precipitated on the sediment cover of Montserrat Ridge. One sediment sample with ferromanganese matrix (18CD) from the Kahouanne Basin south of the island of Montserrat was analyzed. Samples 83CD and 95CD-1 represent ferromanganese precipitates on sediments from a seamount north of Dominica and from a seamount north of St. Lucia, respectively. These precipitates occur as flat slabs on the surface of the sediments or as strata-bound layers within the sediments. They are coarsely layered with a botryoidal porous texture of up to 1.5 cm thickness on top of the sediments. The strata-bound layers are up to 8 cm thick.
[6] Nine subsamples of crust 52CD-X representing the macroscopically different layers and 5 subsamples of 52CD-a were analyzed (Figure 2) . Between 50 and 500 mg of these samples and the three encrusted sediments were leached in 6 M HCl for $15 min (for Hf isotope analyses they were leached with a mixture of 6M HCl and a few drops of concentrated HF). Residual material (less than 10% of the total weight of the samples) was removed by centrifugation. Chemical separation and purification followed standard procedures for Nd [Cohen et al., 1988] , Pb [Lugmaier and Galer, 1992] , Hf [Lee et al., 1999] , and Sr [Horwitz et al., 1992] . Because of the relatively high amounts of carbonate, Sr isotope analyses were carried out on an additional set of aliquot samples, which were leached with 10% acetic acid and rinsed thoroughly prior to leaching and dissolution of the Mn-Fe oxides and oxyhydroxides in 6M HCl. All above radiogenic isotope compositions were measured on a Nu Instruments multiple collector inductively coupled plasma mass spectrometer (MC-ICPMS). The Pb isotopes were measured applying a Tldoping procedure [e.g., Belshaw et al., 1998] Nd ratio was within 2s of the ratio measured for the standard, were accepted.
[7] Osmium isotope compositions and concentrations were measured on 9 subsamples of crust 52CD-X from the same horizons as for the other isotopes, but not on aliquot samples. Two aliquot subsamples of 52CD-a and one each of 83CD, 95CD and 18CD were also analyzed for Os isotopes. Each sample, weighing between 20 and 150 mg, was leached in double distilled, concentrated HBr for $15 min and any residual material was removed by centrifuging to avoid leaching of detrital material during the standard chemistry Figure 2 . Photographs of (a) crust 52CD-X and (b) crust 52CD-a. The sampled sections are marked by numbers, which correspond to the sample numbers in the tables and the text. Despite the fact that there is no clearly defined top or bottom we define sample 1 as being at the top.
procedure [Birck et al., 1997; Klemm et al., 2005] . Samples were then measured by negative thermal ionization mass spectrometry (N-TIMS) closely following published methods [e.g., Creaser et al., 1991; Volkening et al., 1991; Birck et al., 1997] . The total procedural blank for Os during this study was 0.32 ± 0.01 pg/g resulting in a blank correction not greater than 1%. The external reproducibility of the Os isotope measurements was similar to the internal precision of the individual measurements.
[8] It is noted here that the differences in leaching solutions and leaching techniques applied for Nd and Sr in comparison with those applied for Hf and Os are not expected to introduce any significant bias from potentially variable leaching of these elements from incorporated detrital material. As mentioned above, the amount of detrital particles is low and the concentrations of the elements of interest within the detrital particles (mostly island arc rocks) are low in comparison with those in the ferromanganese oxyhydroxides. The removal of the carbonate fraction with dilute acetic acid prior to Sr isotope analysis is also not expected to cause any bias because carbonates contain only very low amounts of the metals studied here and acetic acid does not attack the ferromanganese oxyhydroxides. Therefore the isotopic and elemental compositions of the leached fractions are considered to be comparable for each sample.
[9] For the subsamples of crust 52CD-X we also performed analyses of 10 Be (following the chemical purification procedure given by Henken-Mellies et al. [1990] ) and 9 Be concentrations to investigate if the layering corresponds to an age distribution. The samples of this study were measured at the Zürich AMS facility of the Paul Scherrer Institute and the ETH Zürich, Switzerland. The 10 Be concentrations were normalized to internal standard S555 with a nominal 10 Be/ 9 Be value of 95.5 Â 10 À12 . The 1s statistical uncertainties of individual 10 Be measurements take into account both the counting statistics of the 10 Be ''events'' and the reproducibility of repeated measurements, which were performed on each sample. The concentrations of 9 Be along with 59 Co were measured by ICP-MS at the Laboratory of Inorganic Chemistry, ETH Zürich, using an ELAN 6100 DRC ICP-MS instrument, on aliquots of the same samples used for 10 Be analyses. Direct analysis of pressed powder pellets of the Nod A-1 ferromanganese crust standard by laser ablation ICP-MS [Günther et al., 2000] at the Laboratory of Inorganic Chemistry reproduced the published data of Axelsson et al. [2002] . However, the data obtained by solution nebulization were offset by a constant amount. The reason for this discrepancy is unclear but a matrix effect is the most likely explanation. To correct for this, all solution measurements were normalized by comparing the measured and accepted values for Nod A-1 [Axelsson et al., 2002] . Following complete dissolution of a separate sample set, additional analyses for major and minor element concentrations were performed by AAS and ICP-AES at the Free University (FU) Berlin. Analyses of REEs and other low-concentration elements were carried out by ICP-MS at the National Oceanography Centre (NOC), United Kingdom. The mineralogical composition of the precipitates was analyzed using X-Ray diffraction (XRD) and Scanning Electron Microscope (SEM) techniques at the FU Berlin. The two sediment samples (51MC and 52CD) were subjected to a weak leach in an oxalate cocktail at room temperature [Tovar-Sanchez et al., 2003] , which was originally developed to extract iron under trace metal clean conditions from phytoplankton. This procedure was expected to release trace metals from the sediments, either originally adsorbed to dust particles or scavenged from seawater. The remaining fractions were then leached with 6 M HCl, the residue was finally completely dissolved and all fractions were analyzed for their Nd, Pb, Sr, and Hf isotope composition.
Results

Mineralogical and Element Geochemical Evidence for Hydrothermal Origin
[10] Mineralogical composition of the samples, as determined by X-ray diffraction (XRD), microscopy and SEM show that the layered parts of the massive crusts are dominated by todorokite (10 Å manganite), whereas the 2 mm thin layer that overgrew the entire sample 52CD-X consists of dMnO 2 and FeOOH (vernadite). The ferromanganese matrix of the 3 sediment samples consists mainly of vernadite and todorokite. The presence of massive todorokite and rhythmically precipitated, bladed todorokite in the inner parts of the two massive crusts provides clear evidence that they precipitated from a mixture of relatively low temperature hydrothermal fluid and seawater [Usui et al., 1988; Percival and Ames, 1993] . Nontronite, a hydrous Fe-Na phyllosilicate of hydrothermal origin, did not coprecipitate together with the ferro- manganese oxyhydroxides but was redeposited from immediately nearby sources. It is abundant in the inner parts of these crusts and clearly indicates hydrothermal activity. Dominating vernadite in the outer thin layers of the massive crusts as well as in the ferromanganese matrix of the sediment samples suggests that these were dominated by metals supplied directly from seawater [Usui et al., 1988] .
[11] The concentrations of selected major and minor elements in different parts of the precipitates show a large variability ( Table 2 ). The element composition of the outer layer of crust 52CD-X (sample 52CD-x1) and incrusted sediments 83CD and 95CD is similar to hydrogenetic ferromanganese crusts (Figure 3 ) [e.g., Usui and Nishimura, 1992; Frank et al., 1999] . The inner parts of the two massive crusts are characterized by high Mn/ Fe values of up to 88 together with very low concentrations of other trace metals generally enriched in hydrogenetic crusts, such as Co, Pb, or Ni [e.g., Frank et al., 1999] . This composition is consistent with both high growth rates and concentrations observed in modern hydrothermal crusts . The ferromanganese matrix of the sediments and the surface of the other massive crust (52CD-a) are intermediate between the above described hydrogenetic and hydrothermally influenced compositions, consistent with the evidence from the mineralogical composition described above ( Figure 3 ). Further corroboration of a largely hydrothermal origin comes from ternary plots of Mn and Fe contents versus those of Ni, Co, Cu, and Zn ( Figure 3 ) [Usui and Nishimura, 1992] with all the internal parts of the two massive crusts plotting in the Mn-rich part of the hydrothermal fields of these diagrams. As described in the methods section above, these results have been obtained from element concentrations after complete dissolution of the samples. The hydrothermal signatures would thus even be more pronounced if the same elements had been measured on leachates of these samples.
[12] The REE data (Table 3) show a large variability between the different types of precipitates. Consistent with the concentrations of the other trace metals (Co, Ni, Zn, Pb) the inner hydrothermal layers of the massive crusts represent the low end of the range of REE concentrations, whereas the matrix of the sediment samples and the outer hydrogenetic layers of the crusts plot at the high end. The shale (PAAS)-normalized REE patterns are shown in Figure 4 and are relatively flat which may indicate a detrital sediment contribution. Nevertheless all the hydrothermal samples show moderate HREE enrichments (e.g., low Nd n /Yb n values between 0.26 and 0.75 and La n /Yb n values between 0.29 and 0.73), which, together with low trace element concentrations have been interpreted as indicative of low-temperature fluids [e.g., Hodkinson et al., 1994; Mills et al., 2001] . For comparison, high-temperature hydrothermal deposits have Nd n /Yb n values significantly above 1 and are thus clearly distinct [e.g., Mills and Elderfield, 1995; Rimskaya-Korsakova and Dubinin, 2003 ]. There are also distinct differences in the PAAS-normalized REE patterns with the outer (hydrogenetic) layers of the crusts and the matrix of sediment samples 18CD and 95CD all showing positive Ce n anomalies, similar to other hydrogenetic crusts and nodules [e.g., Elderfield et al., 1981; Koschinsky et al., 1997; Kuhn et al., 1998 ]. By contrast, the inner layers of the massive crusts show negative Ce n anomalies and small negative Eu n anomalies, typical of relatively lowtemperature hydrothermal precipitates [e.g., Kuhn et al., 1998; Mills et al., 2001] . In particular, the negative Eu n anomalies indicate nondissolution of plagioclase and thus temperatures below 220°C of the hydrothermal fluids during the fluid/rock interaction within the seafloor [Douville et al., 1999; Zierenberg et al., 1995] . These results thus do not only provide evidence for low temperatures during precipitation of the crusts, which may have been a consequence of cooling of initially hightemperature fluids during ascent through the sediments above the vent sites, but also for initially low temperatures prior to entering the sediments. These patterns essentially exclude that the REEs and also the signatures of the radiogenic isotopes presented in this study (except Pb) have been influenced significantly by attacking detrital particles within the crusts in the course of our leaching procedures. The detrital particles in the crusts mainly originate from the volcanic island arc rocks which generally show a slightly positive Ce n anomaly and a strongly positive Eu n anomaly.
[13] In summary, the above mineralogical and geochemical evidence suggests that the interior ) for Atlantic seawater [German et al., 1990] . Nonnormalized REE concentrations are given in Table 3 . parts of the massive crusts grew from a mixture of seawater and low-temperature hydrothermal fluids, which, after cessation of the hydrothermal fluid supply, were overgrown by a thin layer of hydrogenetic ferromanganese crust.
3.2. Be values at the surface (5.7 and 4.0 Â 10 À8 ; samples 1 and 2 in Figure 2 , respectively) are similar to values for north Atlantic seawater at about 1000 m depth [Ku et al., 1990] and are essentially within the range between 0.39 and 0.5 Â 10 À8 obtained for surfaces of other deep Atlantic hydrogenetic ferromanga- nese crusts [von Blanckenburg et al., 1996a] . This demonstrates that the thin hydrogenetic surface layer represents the present-day growth surface. The 10 Be concentrations in this layer suggest typical hydrogenetic growth rates on the order of 1 to 5 mm/Myr resulting in an age of the surface layer on the order of a few 100 kyr.
[15] To the interior of the hydrogenetic surface layer, 10 Be concentrations and 10 Be/ 9 Be values decrease rapidly. Given that the decrease in 10 Be concentration (by a maximum factor of $200) was mainly caused by dilution with the rapidly accumulating metals of hydrothermal origin in the interior part of the crust, the resulting maximum age of 11.8 ± 2.5 Ma at 23 mm depth of the crust is not realistic (Figure 5 ). Considering likely hydrothermal contributions of 9 Be [Bourlès et al., 1991 [Bourlès et al., , 1994 Seyfried et al., 2003 ], it is also not possible to reliably interpret the low 10 Be/
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Be values in the inner section of crust CD52-X in terms of age (6 ± 1 million years; Figure 5 ). This is supported by evidence from growth rate estimations for the inner parts of the crust based on Co-constant flux modeling. Translation of the measured Co concentrations into growth rates following the approach of Manheim [1986] results in values up to several 1000 mm/Myr. This does not even take into account that some of the Co may have been supplied by hydrothermal sources as well. Together with the evidence from the occurrence of radially growing todorokite crystals and gel-like structures in the inner parts of the crust, which also suggest rapid growth, this indicates that the 10 Be/ 9 Be values were entirely dominated by varying and unquantifiable hydrothermal contributions of 9 Be.
[16] In summary, this means that the hydrothermally influenced inner part of the crust grew fast over a period of hydrothermal activity of at maximum a few 10,000 years duration. Hydrothermal activity ceased not longer than a few 100 kyr ago, which is confined by the period of time represented by the hydrogenetic surface layer.
Radiogenic Isotopes
[17] The results of the Nd, Hf, Pb, Os and Sr isotope analyses are listed in Table 5 and plotted in Figures 6-9 . Large variations between samples and within the massive crusts were found for all these analyses.
[18] In crust 52CD-X, the Nd isotope composition ranges from e Nd of À10.7 in the hydrogenetic surface layer to e Nd of +3.5 at 18 mm distance from the outer layer (sample 4 in Figure 2 ; see also Figure 6 ), which corresponds to the highest hydrothermal contribution of 9 Be, as derived from the minimum in 10 Be/ 9 Be ( Figure 5 ). Hydrogenetic crusts incorporate and preserve the radiogenic isotope composition of ambient deep water (see Frank [2002] for a recent review). The low e Nd values of the hydrogenetic surface layer of 52CD-X as well as of CD52-a are thus considered representative of seawater at this location. This is supported by unpublished e Nd data between À11.0 and À11.5 obtained for a hydrogenetic ferromanganese crust from 2000 m water depth in the deep central Caribbean Sea [Whiteley, 2000] . The surface e Nd value of 52CD-X is also within error identical to a value of À10.9, which was obtained for the surface of hydrogenetic crust BM1963.897 from a depth of 800 m at the Blake Plateau [Reynolds et al., 1999] , which is today, at this depth, bathed in waters from the Caribbean. All higher e Nd values represent a mixture between Nd derived from seawater and hydrothermal fluids, which are expected to have either mantle-like e Nd values on the order of +10 or values similar to the composition of neighboring island arc rocks (between +2 and +10). The interior of crust 52CD-a also shows e Nd values higher than seawater but does not reach the maxima of 52CD-X. Of the sediments with ferromanganese matrix only sample 83CD shows a sizable deviation from the ambient seawater value. The variations in isotope composition correlate inversely with Nd concentrations in 52CD-X, which are higher by up to a factor of 150 in the hydrogenetic surface layer of the crusts than in the inner parts (Figure 7 ).
[19] We observe a similar but somewhat more complicated pattern of variability in the Sr, Hf and Os isotope compositions of the two crusts ( Figure 6 ). The hydrogenetic surface of 52CD-X is within error identical to modern seawater ( 87 Sr/ 86 Sr = 0.709163 ± 25) consistent with the surface layer being a pristine seawater precipitate. All samples from the interior of this crust have lower 87 Sr/ 86 Sr, with the lowest measured ratio in the carbonate-free Mn-Fe oxyhydroxide fraction being equal to 0.706912 and corresponding to the same sample as the highest Nd isotope ratio (Figures 6, 7, and 8) . Lower values are also explainable by mixing with hydrothermally supplied Sr, which has 87 Sr/ 86 Sr as low as 0.7035 in mantle-derived rocks and in the nearby island arc rocks. In contrast to the variable Sr isotopes in crust 52CD-X, analyses of crust 52CD-a and the Figure 6 ) and of 52CD-a. The minimum of 0.16, which is essentially the same as that of mantle rocks, again occurs in 52CD-X at a distance of 18 mm from the surface. The sediments with the ferromanganese matrix show 187 Os/
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Os indistinguishable from seawater.
[21] The Hf isotope composition was only measured on the outer hydrogenetic layer and on a few samples in the interior parts of crust 52CD-X that had high enough Hf concentrations. The e Hf value of the surface layer is +3. This is only slightly higher than in surfaces of hydrogenetic crusts from Blake Plateau in the Atlantic Ocean, presently bathed in Caribbean waters [Godfrey et al., 1997; David et al., 2001 ] and thus confirms a pure seawater origin also for Hf. e Hf reaches values of up to +11.7 in the interior of the crust, which is the highest so far observed Hf isotope value in ferromanganese crusts [Godfrey et al., 1997; van de Flierdt et al., 2004b] , again similar to the signature of mantle rocks and the nearby island arc rocks. One value obtained for the ferromanganese matrix of the sediments shows a value significantly higher than that of seawater (e Hf = +6.7).
[22] By contrast, Pb isotopes in crust 52CD-X show a small variability. The isotope ratios in the hydrogenetic surface layer are not much different from the inner parts. This is remarkable in view of the fact that the Pb concentrations between the inner and hydrogenetic parts differ by a factor of up to 250 (Figure 7) . In further contrast to the other isotope systems, the Pb isotope ratios of second crust 52CD-a vary significantly; e.g., 206 Pb/ 204 Pb ranges from 18.4 to 19.0 (Table 5) . Thus the Pb Figure 6 . Sr, Nd, Pb, Os, and Hf isotope variations versus depth in crust 52CD-X. The dashed lines represent the inferred seawater isotope ratios for each isotope ratio. The gray bar marks the section with highest deviations from the seawater values. The error bars shown represent 2s external reproducibilities. For some of the Pb isotope data only, where the internal error was larger than the external reproducibility due to low concentrations, the error bars stand for 2s in run precision. mixing relationships (Figure 7) . Whereas for Sr, Os, and Hf concentrations are up to factors of 6, 28 and 25 higher, respectively, in the outer hydrogenetic layer than in the interior of crust 52CD-X, it is clear from these plots that only Nd shows a significant linear correlation and between concentration and isotopic composition for all data indicating mixing between two end-members, e.g., seawater and a hydrothermal component. For Os there is obviously a correlation for the interior parts of 52CD-X and 52CD-a, but the presumably most hydrothermally influenced parts show high concentrations, which probably indicates that the supply of Os with the hydrothermal fluids must have been very high resulting in a compensation of the dilution effect by the higher growth rates deduced for the other metals above. For Hf there may be a nonlinear relationship but we do not want to interpret this on the basis of only 4 data points. For Sr and Pb isotopes no obvious linear mixing relationships can be deduced from comparison of the available isotopic ratios and concentrations, indicating that additional factors other than simple mixing of the fluids with seawater controlled the element concentrations in the crusts.
Discussion
[24] To further evaluate mixing relationships between the fluids and seawater and to develop a genetic model for the occurrence of these crusts, the radiogenic isotope ratios in the crusts are compared with the respective isotopic compositions of those two end-members. For the seawater endmember, we will use the isotopic composition of the hydrogenetic surface layer of 52CD-X. For the hydrothermal end-member, we adopt the isotopic composition of the nearby islands of the Lesser Antilles island arc, essentially Montserrat, Guadeloupe and Dominica, as extracted from the GEOROC database (http://georoc.mpch-mainz. gwdg.de/georoc/), assuming that the hydrothermal fluids mainly derived their dissolved load from leaching of these island arc rocks and the island arc-derived sediments. This is probably an oversimplification because there may have been significant magmatic components from the mantle involved in the formation of the hydrothermal fluids, but for most of the radiogenic isotope systems considered in this study this approach can nevertheless be entertained because mantle and local arc rockderived signatures are not largely different.
[25] Unambiguous quantitative estimates of contributions of Sr, Nd, Os and Hf from hydrothermal fluids versus seawater for the crusts and sediments of this study cannot be obtained. This is mainly because we do not know the partition coefficients between the fluids and the minerals of the crusts and also the end-member concentrations of these metals in the hydrothermal fluids that supplied the crusts, which have most likely been quite different from high-temperature hydrothermal fluids at MORs [Gamo et al., 1997; de Ronde et al., 2001 de Ronde et al., , 2003 , are not known. In order to nevertheless get an approximate idea of the order of magnitude of the hydrothermal contributions we did some calculations adopting a similar approach to that of Mills and Elderfield [1995] .
Mixing Between Seawater and Fluids
Strontium
[26] For Sr we assumed the Sr isotope composition of the fluid end-member derived from leaching the nearby island arc rocks to have a Sr isotope ratio of 0.7035 (see Figure 8) , which is essentially the same as a mantle signature. The end-member Sr concentration in seawater is 7.6 ppm, its Sr isotope ratio is known and for the hydrothermal fluids we chose an average value of 10.6 ppm [Palmer and Edmond, 1989]. Applying these values results in small hydrothermal fluid contributions to the Sr in the crusts between 0 and 2% in crust 52CD-a and in the sediments with the ferromanganese matrix and highest values on the order of 30% at 18 mm depth in crust 52CD-X, which suggests a close proximity of crust 52CD-X during growth of the hydrothermal layers to hydrothermal fluid sources. Again, these values are not considered reliable quantitative results because we assumed that the hydrothermal fluids that have supplied the hydrothermal crusts of this study had concentrations similar to mid ocean ridge high-temperature fluids, which was probably not the case. However, the data clearly suggest that parts of the interior of crust 52CD-X received significant amounts of Sr from hydrothermal solutions.
Neodymium
[27] The hydrothermal contributions to Nd, Os, and Hf are even more difficult to evaluate quantitatively. The range of concentrations of high-temperature hydrothermal fluids is very large or poorly known, which makes comparisons with the back arc hydrothermal fluids even more uncertain.
[28] For Nd, high-temperature hydrothermal fluids at mid-ocean ridges are enriched by factors between 10 and 400 compared with ambient seawater Klinkhammer et al., 1994] but Nd is rapidly scavenged near or within the vents [German et al., 1990; Halliday et al., 1992] . This implies that any hydrothermal Nd contributions in hydrothermal precipitates can only be found in immediate proximity to the vent sites. For a similar exercise as for Sr above, a seawater Nd concentration of 3.3 pg/g, a seawater e Nd of À10.7, and a hydrothermal end-member e Nd of 5.8 are realistic values. If Nd concentrations between 25 and 1200 pg/g [Klinkhammer et al., 1994] as known for high-temperature MOR fluids are applied, a range of contributions from hydrothermal fluids between 45% and 2%, respectively, are calculated for the most hydrothermally influenced parts of crust 52CD-X. Even the lowest estimate of 2% indicates a large hydrothermal contribution compared to that found by Mills et al. [2001] for the only one hydrothermally influenced crust from the TAG hydrothermal field in the Atlantic Ocean that showed a significant deviation from the seawater signature in its Nd isotope composition. This confirmed a significant hydrothermal fraction of the Nd in this part of the crust, which was interpreted to have precipitated from low-temperature fluids.
[29] In Figure 8 the Sr and Nd isotope data of the crusts are plotted together with the isotopic composition of the island arc rocks and seawater. The northern islands of the arc, in particular Montserrat and Guadeloupe, which are closest to the location of the crusts are homogenous in their Sr and Nd isotope composition. All data plot near a binary mixing curve between the seawater end-member and the narrowly constrained fields of the northern islands. This indicates again that Sr and Nd in the Fe-Mn-oxyhydroxide phase of the samples of this study are mainly a two-component mixture between supplies from local seawater and hydrothermal fluids, which received their Nd and Sr from leaching of the island arc rocks.
[30] Whereas it is well known that Sr is supplied hydrothermally to the ocean, it has in the case of Nd so far only been observed once that the Nd isotope composition of hydrothermal ferromanganese crusts results from mixing of hydrothermal fluids and seawater [Mills et al., 2001 ]. This one case was attributed to low-temperature fluids at the TAG hydrothermal field. In all other cases the Nd isotope composition of hydrothermal crusts have been shown to reflect essentially pure seawater [e.g., Mills et al., 2001] , even if Pb isotopes indicated significant hydrothermal contributions [Vlastélic et al., 2001; Albarède et al., 1997; van de Flierdt et al., 2004b] . The above observations thus also lend support to the view that the temperatures of the fluids supplying the metals at the time of precipitation of the crusts of this study were probably relatively low. Pb/ 204 Pb space. The data for the Orinoco sediments are from White et al. [1985] , those for Saharan dust as represented by the detrital fraction of eastern North Atlantic sediments are from Sun [1980] , and the Saharan aerosol data are from B. Hamelin (personal communication, 2003) . Local seawater composition is derived from the hydrogenetic surface layer of crust 52CD-X. Symbols are the same as in Figure 7 . The crosses mark the results obtained from two different leaches and a complete dissolution of the residual material of the leaches (labeled ''C'') of sediment samples 52CD (gray symbols) from the same dredge as the two massive crusts and 51MC (black symbols) from a location nearby. Error bars are smaller than the size of the symbols. Only few data are available for Os concentrations in hydrothermal vent fluids. They range between 2.8 and 38 pg/kg in high-temperature fluids, and up to 98 pg/kg in low-temperature fluids [Sharma et al., 2000] . These concentrations are similar to the concentration of 11 pg/kg for seawater, which has a 187 Os/ 188 Os of 1.06 [Levasseur et al., 1998 ]. The Os isotope composition of hydrothermal fluids at MORs was found to be similar to that of the basalts [Sharma et al., 2000] . Other than for Sr and Nd a potential hydrothermal end-member isotope composition derived from leaching of the arc rocks is more difficult to estimate for Os because there are only very few data available. These few data show quite a significant scatter even for rocks within one island pointing to inhomogeneities caused by crustal contamination during ascent, or different amounts of sediments and altered oceanic crust incorporated into the melts during subductionrelated melting [Alves et al., 2002 , Woodland et al., 2002 . As the lowest 187 Os/
188
Os value we measured in crust 52CD-X (0.16) is close to the low end for all measured values in these island arcs (and close to that found for the upper mantle of 0.12), we suggest that the hydrothermal fluids must have had a similar value, at least at this location. Applying hydrothermal end-member 187 Os/ 188 Os ratios between 0.12 and 0.15, and assuming a range in concentrations similar to results obtained previously [Sharma et al., 2000] , calculations of hydrothermal contributions yield a range from pure seawater composition to between 10 and 40% of the Os derived from the fluids in the most hydrothermally influenced parts.
Hafnium
[32] There are fewer constraints to estimate the hydrothermal Hf contributions to the crusts because the Hf concentrations and isotopic signatures in hydrothermal fluids are not known at all. A previous study based on Hf isotope measurements of ferromanganese crusts suggested that hightemperature hydrothermal fluids may supply amounts of Hf large enough to be important for the oceanic mass balance of Hf due to very radiogenic Hf isotope ratios found in two hydrothermal crusts [Godfrey et al., 1997] . Results of a recent study suggested, however, that Hf is not supplied to seawater by high-temperature hydrothermal fluids in significant amounts. This was deduced from a missing reflection of Pb isotopederived hydrothermal influence in the Hf isotope composition of the same mixed hydrothermalhydrogenetic crust from the eastern equatorial Pacific Ocean [van de Flierdt et al., 2004b] .
[33] Comparison of the Hf isotope composition of the most hydrothermally influenced part of the crusts of this study (up to e Hf = +11.7) with the seawater value (e Hf = +3) and available data on the nearby island arc rock end-members, which mostly are in the e Hf range between +8 and +14 [White and Patchett, 1984; Woodhead et al., 2001] , confirms the results obtained from the other isotope systems: A significant proportion of the Hf in the most hydrothermally influenced sections must have originated from the hydrothermal fluids. Like the Nd and Sr isotopic compositions of the crusts (Figure 8 ), the data of this study also fall on a mixing line between seawater and Montserrat when Hf and Os isotope compositions are compared with those of Nd and Sr. However, the scatter around the mixing line in plots including Hf and Os isotopic compositions is greater than in Sr-Nd isotope space. This may either be caused by the less homogenous Os and Hf isotope compositions of the arc rocks or by factors other than two-component mixing between seawater and hydrothermal solutions, as already discussed in section 3.3 for the isotope/element relationships.
Lead
[34] Lead isotopes show markedly different results compared with the other four studied isotope systems. Hydrothermal inputs of Pb are known at MORs, from where they can be dispersed in deep waters over some distance and be incorporated into ferromanganese crusts [Barrett et al., 1987; Vlastélic et al., 2001; van de Flierdt et al., 2004b] . End-member concentration measurements of Pb in high-temperature hydrothermal fluids range between 90 nmol/kg and 1650 nmol/kg [e.g., von Damm et al., 1985; Chen et al., 1986; Hinkley and Tatsumoto, 1987; Godfrey et al., 1994; Metz and Trefry, 2000] , compared with ambient deep-water concentrations of 0.05 nmol/kg. This results in Pb enrichment factors in hydrothermal fluids between 1,800 and 33,000.
[35] To estimate any hydrothermal Pb contributions to the crusts, we compare the Pb isotope composition of potential end-members with those of the hydrothermal crusts (Figure 9 ). The Pb isotope data of the rocks of the Lesser Antilles island arc plot along near linear arrays in Pb/ 204 Pb space. In addition, there is a clear evolution of the particular islands from less radiogenic Pb isotope compositions in the north of the arc (St. Kitts, Redonda, Sint Eustatius) to more radiogenic compositions in the south, which has been interpreted as a consequence of the different amounts of subducted and recycled sediments that contributed to the formation of the arc rocks [White and Dupré, 1986; MacDonald et al., 2000] . Essentially all the Pb isotope data obtained from the studied crusts define a near linear array parallel to the array for the island arc rocks in Figure 9 . They do also not fall between the seawater end-member and the Pb isotope composition of any of the islands, which excludes mixing of Pb from local seawater with Pb originating from weathering of the island arcs as explanation for the observed isotope patterns (Figure 9 ).
[36] Comparison of the Caribbean seawater Pb isotope composition with Atlantic seawater signatures, as derived from surfaces and time series of hydrogenetic crusts from the western Atlantic Ocean [von Blanckenburg et al., 1996b; Burton et al., 1997; Reynolds et al., 1999] , essentially excludes Atlantic seawater as the main factor controlling the Pb isotope composition of Caribbean seawater. All Atlantic seawater Pb isotope data (not included in Figure 8 ) fall on the same arrays as the island arc rocks and are clearly different from local seawater. This makes sense in view of the short residence time of Pb in seawater that prevents long-distance advection of isotopic signals. It is noteworthy in that respect that the Pb isotope composition of Caribbean seawater is very similar to the data for Saharan dust, which may indicate that dissolution of dust has been an important contributor.
[37] Thus at least two additional external endmembers must have been involved, which is reflected by the well-defined linear array of the data of crust 52CD-a. To the radiogenic end, Pb originating from the Orinoco River particulates would be suitable, as evidenced by the radiogenic Pb isotope composition of the detrital fraction of sediments from the Barbados Ridge-Demerara Plain region [White et al., 1985] (Figure 9 ). This is supported by the fact that river waters and suspended detrital particles supplied by the Orinoco River flow north along the South American coast and into the Caribbean [e.g., Müller-Karger et al., 1989; Nesbitt and Young, 1997 ]. An alternative radiogenic Pb contributor is Saharan dust which is known to be supplied to the Caribbean in large quantities [Hamelin et al., 1989] and which also has a suitable natural Pb isotope composition as indicated by data obtained from the detrital fraction of eastern North Atlantic sediments [Sun, 1980] (Figure 9 ). The mixing end-member with low (unradiogenic) Pb isotope ratios is more difficult to constrain but it is well possible that the few bulk detrital sediment data provided by Sun [1980] do not cover the entire range of the Pb isotope composition of Saharan dust given that Saharan rocks are very heterogeneous with respect to their age and genesis. In Figure 9 the Pb isotope compositions of two aerosol samples (B. Hamelin and A. Véron, personal communication, 2005 ) with a very unradiogenic Pb isotope composition originating from the Western Sahara are plotted together with the other Pb isotope data. In contrast to anthropogenically contaminated aerosol samples analyzed in many previous studies [e.g., Hamelin et al., 1989] , these new data are interpreted to reflect the natural Pb isotope composition of Saharan aerosols because their Pb/Al ratios do not show an anthropogenic enrichment and because their Pb isotope compositions are consistent with that of the residual fraction of marine particles collected near the Cape Verde islands and in the Ligurian Sea [Journel et al., 1998 ]. These uncontaminated aerosol signatures plot exactly where the unradiogenic mixing end-member composition for the data of crust 52CD-a is expected.
[38] Only very small amounts of Pb are found in the hydrothermally influenced ferromanganese matrix of the interior layers. Thus, if only a small amount of the labile aerosol dust-derived Pb was leached during the applied chemical procedures, then this would dominate the Pb isotopes and explain the observed patterns in Figure 9 . This hypothesis is further confirmed by Pb isotope analyses performed on leachates of one sediment sample recovered from the same dredge as the crusts (52CD) and one sediment sample from a distance of only a few km away (51MC). These sediment samples, the detrital fraction of which probably consists to some extent of Saharan dust, were subjected to a weak leach in an oxalate cocktail at room temperature [Tovar-Sanchez et al., 2003 ] and a stronger leach for 30 min in hot 6 M HCl, similar to the method used to dissolve the crusts and the residue was finally completely dissolved. All radiogenic isotope data for the completely dissolved residue are consistent with an island arc rock origin. The Pb isotope data of the two different leaches, however, plot on or near the array defined by the data of crust 52CD-a (Figure 9 ), thus supporting the above suggestion that the Pb in the interior part of CD52-a is dominated by Pb leached from Saharan dust.
[39] Alternatively, it may also be possible that Pb in the detrital, island arc rock-derived particles of the two sediment samples as well as in the crusts are not released with the same Pb isotope composition as the bulk composition during the leaching procedures. Such an incongruent release of Pb isotopes has been demonstrated for examples for old continental rocks in the North Atlantic region [von Blanckenburg and Nägler, 2001] and for Asian loess [Jones et al., 2000; Ling et al., 2005] . This is consistent with the trend from the Pb isotope composition of the completely dissolved residue, via the strong 6 M HCl leach to the weakest leach which may indicate preferential dissolution of some labile unradiogenic phase. This must, however, remain speculative because no other data exist on leaching experiments for Pb isotopes in Saharan dust or island arc volcanics.
[40] In summary, the Pb measured in the 6M HCl leach of the hydrothermally influenced crusts cannot be derived from hydrothermal fluids but most likely originates from leaching of the detrital particles incorporated in the crusts.
Constraints on the Origin and Temperature of the Hydrothermal Fluids
[41] Our preferred mechanism to explain the observed radiogenic isotope patterns is a reaction between the ascending hydrothermal fluids and the sediments overlying the vent sites. Such interactions have been described by observational as well as experimental studies. In the case of Pb, observations similar to the ones made in our study have been made in the Escabana Trough in the northeast Pacific. There it was shown that the Pb isotopes of the vent fluids are dominated by the signature of the overlying sediments while the original Pb isotope signature emanating from the underlying basalts was probably removed at the sediment/basalt interface by sulfide precipitation [LeHuray et al., 1988; German et al., 1995] . In contrast to the Escabana Trough situation where Nd and Sr in the hydrothermal sediments were dominated by seawater, the results of our study show that Nd and Sr, as well as Os and Hf in the hydrothermal parts of the crusts were significantly influenced by either metal contributions from the mantle or, more likely, by metals derived from leaching of the island arc rocks. The metals with the island arc isotope signature either had their source in the original hydrothermal vent fluids or, alternatively, in the hydrothermal leaching of the island-arc-derived detrital sediment cover by the fluids. The temperature of the fluids probably played a major role in creating the isotopic signature of the oxyhydroxide precipitates. Experiments have for example shown that the amount of Pb leached from sediments by hydrothermal fluids is very low at temperatures of 275°C and below [Cruse and Seewald, 2003] . This implies that significant amounts of Nd, Sr, Os and Hf were leached from the arc-derived sediments, whereas the temperatures were not high enough for Pb, the isotope composition of which is consequently dominated by other sources (leaching of dust). In support of this hypothesis, it has recently been shown by laboratory experiments that Sr can indeed be leached from oceanic crust and overlying sediments by low-temperature hydrothermal fluids [James et al., 2003 ].
[42] The results of this study show a clear hydrothermal influence on the crusts of this study, including a strong signal in the isotope composition of Nd, which is generally seawater-dominated in hydrothermal crusts. This may indicate that lowtemperature hydrothermal fluid inputs in back arc basins and probably also low-temperature hydrothermal systems at MORs [e.g., Mills et al., 2001] can be an important source of trace metals in seawater, even for metals such as Nd, which are not supplied to the ocean by high-temperature MOR hydrothermal systems. This remains to be verified, however, by analyses of the content and isotopic composition of such metals in the fluids themselves.
Conclusions
[43] Combined evidence from radiogenic isotope compositions, major and minor element content, as well as mineralogical data demonstrates varying hydrothermal contributions to massive, sedimenthosted, submarine ferromanganese crusts recovered near the Lesser Antilles island arc. The hydrothermal fluids responsible for the formation of the crusts most likely had relatively low temperatures by the time of precipitation as evidenced from rhythmically precipitated todorokite minerals with bladed structures, as well as REE patterns and the radiogenic isotope distributions. A thin layer of hydrogenetic crust covering the hydrothermal section of the crusts suggests that hydrothermal activity at the location on Montserrat Ridge stopped several 100 kyr ago, as deduced from 10 Be concentrations. Supported by estimates of growth rates in the inner parts of the crusts, as obtained by Coconstant-flux modeling, it is suggested that the period of hydrothermal activity and growth of the hydrothermal part of the crust occurred within a relatively short period of activity of only a few tens of kyr.
[44] The relative amounts of metals in the crusts originating from seawater and hydrothermal fluids were estimated based on known metal concentrations of high-temperature hydrothermal fluids and the radiogenic isotope compositions of the crusts. These estimates can only be considered very rough because back-arc hydrothermal fluids may have very different and unknown compositions of the metals of this study [Gamo et al., 1997; de Ronde et al., 2001 de Ronde et al., , 2003 ]. Nevertheless it is clear that significant hydrothermal contributions of Sr, Nd, Os and Hf to the crusts occurred, most likely originating from leaching of the arc-derived sediments overlying the hydrothermal sites.
[45] The Pb isotope data cannot be explained by mixing between seawater and island arc rock signatures. The absence of a hydrothermal Pb isotope signal is most likely related to the relatively low temperatures of the fluids from which the crusts precipitated. External sources, most likely leaching of particulates originating from the Orinoco River and Saharan dust, possibly even incongruent release of Pb isotopes from the island arc rock-derived sediments, have dominated the small amounts of Pb that were leached with 6 M HCl from the hydrothermal sections of the crusts.
[46] With the exception of Pb, the radiogenic isotope data may indicate that hydrothermal inputs via hydrothermal fluids related to island arc volcanism might be an important source of metals in seawater, which need to be verified by detailed future geochemical and isotopic studies of such fluids.
